Electrical resistivity methods for landfill monitoring. Every single investment affects the natural environment, and that is why it is so important to eliminate nuisance it could cause. Extremely harmful effect on environment or human health could be expected from waste treatment facilities. One of the kinds of contamination which is a real threat to soil and water environment are leachates from landfills. They contain random chemical composition and can migrate from landfill through soil water flux leading to environmental pollution and degradation of groundwater. This paper focuses on the use of geophysical methods to assess migration of pollutants from the landfill through the subsoil. The laboratory tests of solute transport have been conducted on three soil samples from Łubna site to simulate the contamination flow. Migration of leachates through soil samples was controlled using the column test and electrical resistivity measurements which allow to com pare the results obtained with the standard column test method and electrical resistivity measurements. It leads to the conclusion that electrical resistivity methods for contamination transport monitoring in soil-water systems are suitable. Furthermore, field electrical resistivity tomography have been used for monitoring of the vertical sealing system in Łubna landfill.
INTRODUCTION
Municipal landfills are necessary evil that allows to collect waste in a controlled way giving the possibility to mitigate its negative effect on natural environment. Leachates are one of the main by-products from the landfills that need to be dealt with during the landfill exploration and after its closure. Leachates contain random chemical composition and can migrate from landfill through soil water flux leading to environmental pollution and degradation of groundwater.
Monitoring is one of the main tools for reducing the risk of landfill pollution giving the possibility of lead-to-date maintenance. One of the methods that can be used for landfill monitoring is noninvasive electrical resistivity tests that allows to detect leaks, to determine the pollution flow direction and the area of contamination.
Electrical resistivity surveys are indirect methods based on distribution of electrical field in soil. Surveys are typically conducted by the four-pin method based on induction of artificial electrical field in soil between two cur-rent electrodes and measurement of voltage difference on pair of potential electrodes (Dahlin 2001) . Electrical resistivity methods are widely used for monitoring of landfills and detection of groundwater contamination (Benson et al. 1997 , Wilkinson et al. 2010 , Samgyu et al. 2016 , Aryanti et al. 2017 . These methods usually need to be compared with some reference data to prove their applicability for the desired purpose. One of the methods that are used to investigate contamination spread in soil-water systems are tracer tests. In the laboratory conditions column tests are commonly performed (Fetter 2001 , Ptak 2004 . Column tests are based on forcing the flow of a tracer or tracers through a soil sample in conditions similar to natural and measurements of solution parameters in filtrate on the outflow or outflows from the column (Kietlińska et al. 2004 , Dontsova et al. 2006 . The combination of electrical resistivity method and tracer test is widely used for characterizing solute transport in soil (Fronczyk et al. 2006) . The results of these methods allow to develop suitable flow and contamination transport models for estimating of spatial distribution of contaminants and planning of remediation (Sandberg et al. 2002 , Koda et al. 2013 .
In this study experiments of solute transport in laboratory scale have been conducted using the column test and electrical resistivity method to simulate contamination flow. Furthermore, the results of field electrical resistivity tomography conducted on Łubna landfill for monitoring of vertical cut-off wall are presented.
TEST SIDE, MATERIAL AND METHODS
The investigation was performed on Łubna municipal landfill located in Baniocha village. The study included monitoring of the vertical cut-off wall of Łubna landfill using field electrical resistivity tomography and simulation of contamination flow on soil samples from Łubna site performed in laboratory conditions. In situ measurements were taken on the south-west side of Łubna landfill, one inside and the other outside the vertical sealing system. Location of investigation area is shown in Figure 1 .
Laboratory investigation was performed on three soil samples taken from the vicinity of the landfill (piezometer: 1A -sample S1, 15A -sample S2 and 30 -sample S3). Samples of groundwater were also collected from piezometers S1-S3. Parameters characterizing soil samples have been presented in Table 1 and Figure 2 . For each soil the laboratory tests of tracer (chlorides) and leachates transport have been performed. Migration through soil samples was controlled using the column test and electrical resistivity method.
The laboratory stand was set on the Faculty of Civil and Environmental Engineering WULS-SGGW. Tests were performed using a 50 cm long and 10.5 cm of inner diameter PVC column equipped with four levels of electrodes (P1, P2, P3, P4 on Fig. 3 ) arranged in square array (10 cm distance between each electrode level). Measurements levels have been calibrated on various solutions to determine geometric factor -K (m), which was K = 0.88 for the used column. Before running, the tests samples were formed in 0.05 m compacted layers and fully saturated with flushing liquid. The flow was forced from bottom to top and solution was injected by pulse method -Dirac function δ(t) (Wychowaniak et al. 2015) . The end of solution injection was followed after reaching the maximum concentration of injected substance in filtrate at the outflow. The tests consisted of four stages including: chlorides flow through soil sample, flushing sample by distilled water, leachates flow and flushing leachates by water from piezometer. During tests the electrical resistivity measurements were taken for each electrode level and the physio-chemical parameters such as: chlorides (tracer transport), conductivity, pH and temperature have been controlled in water at the outflow from the column. Test setup for contamination transport measurement has been shown in Figure 3 .
Electrical properties of soils are mainly controlled by concentration of dissolved substances in water filling its pores, thus electrical resistivity methods can be used for monitoring of groundwater. For interpretation of electrical resistivity measurements mostly empirical Archie's law (Archie 1942) is used. It's relates electrical resistivity of fully saturated soil -ρ g (Ωm), to porosity -n (-), and resistivity of the liquid in its pores -ρ f (Ωm). Usually, Archie's law is expressed as the formation factor (F) and expressed as:
where: a -soil tortuosity factor (-); m -soil cementation exponent (-). Use of Archie's law usually requires conduction of laboratory calibration tests for determination of model parameters. For simplification usually adaptation of Archie's law for specified soil types are used (Buryakovsky 2012 , Zawadzki 2016 . For sandy soils simplified model can be expressed as:
Regarding above assumptions, electrical conductivity of contaminant in sandy soils from electrical resistivity measurements can be calculated from equation:
where:
.
RESULTS AND DISCUSSION
The results of laboratory electrical conductivity (measured on filtrate on outflow) and resistivity (on four levels P1, P2, P3, P4 notation as in Fig. 3 In addition, the hydrodynamic parameters of tracer flow (chlorides) were determined for the first stage of the laboratory investigations. The results of the tests were interpreted using the STANMOD program CXTFIT package (Toride et al. 1995) in order to check their degree of fit into the model and obtain migration parameters such as: flow velocity (v a ), hydrodynamic dispersion coefficient (D H ), longitudinal dispersion (α L ) and Péclet number (Pe). Table 3 (Figs. 4-6 ) for individual samples are characterized by a variable migration rate of the chlorides solution. Chloride ions were the fastest moving in soil sample S2 (15) and slowest in sample S1 (1A).
Apart from laboratory investigations, also in situ resistivity tomography can be a very helpful method in many geoenvironmental problems. Soil and rock minerals are in most cases highly resistive. In this connection, the flow of current is conducted primarily through the pore spaces filled with water so the resistivity of soils is controlled mainly by the porosity, the amount of groundwater in pore spaces and its dissolved solids concentration. In this case this phenomena were used to detect and locate the leachates from waste disposal and to detect potential leaks through the vertical sealing system.
For this purpose, two parallel cross--sections were traced along the cut-off wall -the first was located inside while the other was located outside the vertical sealing system. Figure 7 presents the results of electrical resistivity survey that was carried out on the disposal site of Łubna.
The results for cross-section A (Fig.  7A) carried out inside the vertical sealing system shows, that to the depth of about 12 m electrical resistivity values are lower than 4 Ωm. This zone is formed by sands and certainly saturated with leachate from the landfill. In the central part of the cross-section and depth of 12 m below, the electrical resistivity is between 20 and 50 Ωm, and these values do not indicate the presence of contaminants in this area. The results of measurements outside of the cut-off wall are shown in section B (Fig. 7B) . These studies indicate that the entire cross-section of the ground surface to a depth of approx. 15 m there are deposits with electrical resistivity in range between 20 to 30 Ωm representing natural sands that do not indicate the occurrence of landfill leachate.
Furthermore, assuming that the average formation factor of the investigated sands is about 5, the electrical conductivity of pore water can be also estimated. On the basis of field investigations, the electrical conductivity of the leachates was determined between 5,000 and 12,500 μS/cm, whereas groundwater outside the cut-off wall between 250 and 500 μS/cm. These values confirm the results of laboratory tests, which showed that the electrical conductivity of leachate from Łubna landfill is approximately 12,300 μS/cm. non-invasive, they can be used as first alert system for detection of contaminant leakage from landfill e.g. through vertical cut-off wall. 4. Electrical resistivity methods are sensitive to changes in water chemistry, both as a result of natural and anthropogenic factors which may result in false alarms during monitoring. 5. As electrical resistivity methods are indirect, it is not possible to determine contaminant compound but only change resultant resistance of substance. 6. The field tests have shown the possibility of assessing the effectiveness of cut-off wall around the landfill (the effectiveness of the cut-off wall on the tested section of the landfill has been confirmed). 7. It is also possible to determine the electrical conductivity of water in pore spaces however, only in the fully saturated conditions.
CONCLUSIONS

